Abstract. BACKGROUND: miRNAs have recently been implicated in tumor's microenvironment remodeling and tumor-stromal cells interactions. We have previously reported a signaling role for miR-21, as a secretory molecule released by cancer associated fibroblasts (CAF) adjacent to esophagus tumor cells. OBJECTIVE: To discover other potential signaling miRNAs, we employed a co-culture system of esophageal cancer cell line and normal fibroblasts to mimic the tumor microenvironment. METHODS: We measured the expression profile of secretory miRNAs in the conditioned media (CM) of our co-culture system using a panel PCR array. We used pathway enrichment analysis to define potential pathways regulated by these miRNAs. Then using ultracentrifugation, we purified exosomes secreted to the CM of co-cultured cell lines and evaluated exosomal secretion of these miRNAs. RESULTS: We found 18 miRNAs which were significantly up/down-regulated in the CM of co-culture system. Pathways related to cell adhesion, endocytosis and cell junctions were among the enriched pathways that might be related to CAF phenotype and tumor progression. Moreover, we detected higher exosomal levels of miR-33a and miR-326 in the purified exosomes both in co-cultured and untreated CM. So, these miRNAs are mainly secreted into the CM by means of exosomes. CONCLUSIONS: Briefly, our data shed more light on the role of CAFs through secretion of miRNAs within tumor microenvironment and propose novel therapeutic targets for esophageal and probably other cancer types.
Introduction
A growing body of evidence emphasis on the role of tumor microenvironment in supporting tumor formation and progression. Tumor microenvironment consists of different cell types, extracellular matrix, signaling molecules and mechanical cues surrounding tumor cells. It provides an enriched communicating mi-osomes [4] . Secretory (cell-free) miRNAs are considered as powerful tissue-specific biomarkers for cancer diagnosis and prognosis. Secretion generally takes place via exosomes; 30-100 nm vesicles which deliver proteins, DNA and RNA cargos to the recipient cells. miRNA-bearing exosomes have been linked to fibroblast activation, stromal modulations and cancer progression [5, 6] .
In our previous study, we reported miR-21 as a signaling molecule within tumor microenvironment [7] . Here, with an attempt to simulate the tumor stroma, we examined the miRNome involved with tumor-CAF signaling events. Using a panel-PCR profiling approach, we analyzed the upregulated/downregulated miRNAs within the CM of esophageal cancer cell lines in the vicinity of normal human fibroblasts. Furthermore, using bioinformatics analysis we highlighted the potential signaling pathways affected by these miRNAs. This data provides novel molecular biomarkers for the future of cancer therapy.
Materials and methods

Cell lines and co-culture system
The esophageal squamous cell carcinoma cell line, KYSE-30, and the human normal fibroblasts cell line, HFSF-PI3, were purchased from National Cell Bank of Iran (Pasteur Institute, Tehran). Both cell lines were cultured in Dulbecco's Modified Eagle Media (DMEM, Gibco, USA), supplemented with 10% Fetal Bovine Serum (FBS).
In co-culture system, fibroblast cells were seeded in 6-well plates, and were physically separated from KYSE-30 cells which were cultivated within 0.4 μm pore-sized inserts (BD Biosciences). In this system, both cell lines shared the same CM.
Conditioned medium (CM) preparation
CM from each individual cell line cultures as well as the one from co-cultured cells were harvested after 1, 2 and 3 days of incubation and were centrifuged at 1500 rpm (300 g) for 5 minutes to remove any suspended cells and cell debris.
RNA extraction and cDNA synthesis
RNA extraction from conditioned medium was performed using the TRIzol LS reagent (Invitrogen, USA), according to the manufacturer's protocol. Briefly, after protein digestion using Proteinase K (Fermentas, Lithuania) 750 ul of TRIzol LS was used per 250 ul of each CM sample. Subsequently, an equal amount (0.18 fmol per sample) of RNA Spike-in (UniSP6, Exiqon, Denmark) was added to each sample prior to reverse transcription (RT) reaction. After addition of a poly-A tail to the extracted RNAs, cDNA synthesis was performed using a universal cDNA synthesis kit (Exiqon, Denmark). Q-PCR amplifications confirmed the quality of the resultant cDNAs (SYBR Green master mix, Exiqon).
MicroRNA amplification and profiling
We performed qPCR-based array using microRNA ready-to-use PCR human panels (Exiqon, Denmark) on 3-day old CM obtained from the co-culture of KYSE-30 cells with normal fibroblasts in Light Cycler-480 instrument (Roche, Germany). 3-days-old CM from individual cell lines were also pooled and used as a control.
Data processing and pathway enrichment analysis
After interplate calibration (normalized to the Cq 1 value of UniSP3), data analysis was performed using ΔΔCq method by GenEx software (Exiqon, Denmark) and the Excel program, where miR-103 was used as a reference gene. Statistical analysis was done with GraphPad Prism (V.6) software and Microsoft Excel. Functional analysis of the disregulated miRNAs were performed using DNA Intelligent Analysis (DIANA)-mirPath v.2.0 which incorporated miRNAs in biological processes from Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, based on miRNA-target interactions. The significant enriched pathways were listed after FDR (False discovery rate) correction.
Exosome purification using ultracentrifuge
In order to confirm the targeted secretion of differentially expressed miRNAs into the CM, we decided to determine their exosomal packaging. Conditioned medium of co-cultured cell lines as well as individual cell lines were harvested after 3 days of incuba-tion. The 3-day-old CM from untreated KYSE-30 and HFSF-PI3 cell lines were pooled together and considered as control. CM were first centrifuged at 300 g for 10 minutes to remove any cellular debris. Then exosome sedimentation was performed using ultracentrifuge (Beckman Coulter L5-65, Rotor 65 TI, Switzerland) according to the previously described protocol [8] . Final pellets were dissolved in 250 μl of PBS and were subjected to RNA extraction using Trizol-LS reagent. At the first step of exosome sedimentation from CM, we also collected the supernatant for further RNA extraction. So we could compare the exosome packaging or free secretion of miRNAs [9] .
qRT-PCR for exosomal samples
After polyadenylation, RNA was subjected to RT-PCR using specific primers and RT-PCR kit (Pargenome, Iran). The resultant cDNA was used for qPCR using SYBR Green and miRNA-specific primers (Parsgenome, Iran). We used 5S rRNA and U6 snRNA as reference genes in both exosomes and the supernatant resulted from CM.
Results
Altered signature of secreted miRNAs in co-culture of fibroblasts and KYSE-30 cells
We used a panel-PCR array to compare the signature of secreted miRNAs within CM of co-cultured versus simple cultures of squamous esophageal cancer cells (KYSE-30) and normal fibroblasts (HFSF-PI3). Overall, we detected 568 miRNAs out of 740 arrayed miRNAs within CM. The obtained data were then normalized to the expression level of miR-103, as an internal reference gene, in each plate. Analyzed data revealed that the secretion of 354 miRNAs were affected in our co-culture system, while the expression levels of 214 miRNAs were unaffected with this treatment. Out of this, 18 miRNAs showed a significant upregulation (miR-33a-5p, miR-326, miR-133b, miR-133a-3p, miR-1, miR-496, miR-603, miR-548h-5p, miR-127-3p, and miR-150-5p) or down-regulation (miR-548k, miR-26a, miR-215, miR-141-5p, miR-429, miR-596, miR-554, and miR-92b-5p) in the co-culture system, compared to the simple CM (fold change > 2, P value < 0.05) ( Table 1 ). The volcano plot in Fig. 1 represents the results of multiple t-tests for 2 separate profiling analyses. Each experiment was performed in triplicates.
Analyzing biological pathways regulated by the altered miRNAs
In order to determine the biological processes regulated by the up-and down-regulated miRNAs within the CM of co-culture system of KYSE-30 cell lines and normal fibroblasts, we performed bioinformatics pathway analysis using DIANA-mirPath program. Our data demonstrated 87 significantly enriched KEGG pathways (P < 0.05, FDR corrected), which are probably under the control of aforementioned miRNAs (Table 2). The data include pathways involved in carcinogenesis as well as key cellular signaling pathways such as Wnt (P < 0.0001), TGF-β (P < 0.0001), MAPK (P < 0.0001), PI3K-Akt (P < 0.0001) and mTOR (P = 0.0001). T-cell receptor (P = 0.0002) and Bcell receptor (P = 0.002) inflammatory signaling pathways, and pathways involved in different infections (all P < 0.02) and were predicted to be regulated by the altered miRNAs. The other most significant pathways involved with tumor microenvironment remodeling and cancer-stromal interactions were ubiquitinmediated proteolysis (P < 0.0001), gap junction (P < 0.0001), endocytosis (P < 0.0001), focal adhesion (P < 0.0001), adherens junction (P < 0.0001), tight junction (P < 0.0001), and regulation of actin cytoskeleton (P = 0.0002).
Pathway analysis of upregulated miRNAs suggested their significant association with 71 KEGG signaling pathways (Supplementary Table 1 ). On the other hand, a significant association of down-regulated miRNAs with 50 enriched pathways involved in different steps of carcinogenesis was demonstrated (Supplementary Table 2 ).
Pathway analysis mapped the altered miRNAs into 11 common phenomena in tumor microenvironment
DIANA-mirPath analysis showed several miRNAs to be common in 6 different features of tumor microenvironment including endocytosis, adherens, gap and tight junctions, focal adhesion, actin cytoskeleton regulation, and ubiquitin-mediated proteolysis. These phenomena are required for cancer associated phenotype of the stroma, extracellular matrix (ECM) deposition, epithelial-mesenchymal transition (EMT), and metastasis. The analysis defined miR-33a, miR-1, miR-326, miR-133a/b, miR-548h, miR-603, miR-141-5p, miR-429, miR-26a and miR-548k as common dis-regulated miRNAs involved in all aforementioned phenomena, albeit through targeting different mRNA molecules (Fig. 2) . 
miR-33a and miR-326 are mainly secreted through exosome packages
Our qRT-PCR results showed significant overexpression of exosomal miR-33a in the 3-day-old cocultured CM compared to the untreated CM of both cell lines (P = 0.02; multiple t tests analysis) (Fig. 3A) . Also our analysis demonstrated significant overexpression of miR-33a in the exosomes separated from co-cultured CM compared to the supernatant (CM without exosomes) of the same sample (P = 0.009; multiple t tests). For the untreated CM, we also detected the same miR-33a pattern for the exosomal and supernatant parts but this data was not significant (Fig. 3A) . Higher miR-33a content in the exosomal compartments both in co-cultured and untreated cell lines points to the targeted packaging of this miRNA in exosomes rather than its free release (expression in the supernatant of each sample). Moreover, in the same experiment, miR-326 showed the same expression pattern with over expression in the co-culture (compared to untreated CM) and higher levels in the exosomal compartments compared to the supernatant of each sample although this data was not significant (Fig. 3B ). Data were normalized to the average expression of 5S rRNA and U6 snRNA as reference genes. We also detected similar expression pattern for miR-133a and miR-133b but the data was not significant (data not shown).
Discussion
Tumor microenvironment is a dynamic niche consisting of a variety of cell types as well as the components of extracellular matrix that facilitates neoplasm formation, tumor growth and metastasis. Cancer associated fibroblasts (CAFs) play a fundamental role in growth factor secretion and matrix remodeling. Several studies have focused on the role of miRNAs in these interactions which provide reliable potential therapeutic targets for the future of cancer therapy [1] . Mitra et al.
(2012) in a co-culture of normal fibroblasts with ovarian cancer cell line, have demonstrated that miRNAs reprogram normal fibroblasts in to activated phenotype (CAFs) [10] . In an attempt to visualize cell-cell interactions and CAF recruitment in the tumor microenvironment, a group of scientists focused on florescent labeling of stromal components. Using orthotopic animal models in successive reports, they highlighted the role of CAFs in key phenomena leading to tumor microenvironment formation [11] [12] [13] . These methods shed light on the in vivo dynamics of metastatic cancers.
Common vehicles for miRNA delivery are exosomes. Exosomal miRNAs have emerged as microcommunicators of pathologic conditions including cancer where they educate the tumor microenvironment in favor of metastasis [14] . Suetsugu et al. (2013) used florescent imaging to visualize the exosome transfer between breast tumors and their surrounding stroma [15] . They demonstrated that cancer-cellderived exosomes facilitate intercellular communication in tumor metastasis. miRNAs are common exosomal cargos. miRNA secretion via exosomes into tumor stroma is a mechanism of gene expression fine-tuning 3 . miRNA expression in the exosomes separated from conditioned medium. A) miR-33a was significantly overexpressed in the exosomes separated from co-cultured medium compared to the exosomes from untreated 3-day-old CM of both cell lines (P = 0.02; Unpaired t test). miR-33a showed higher expression in the exosomes than the supernatant after exosome sedimentation (P = 0.009; Unpaired t test). B) miR-326 was highly expressed in the exosomes separated from co-cultured CM compared to the untreated CM. Also we detected higher levels of miR-326 packed into the exosomes rather than released into the CM although this data was not significant.
in the recipient cells in which miRNAs may inhibit mRNA transcription or translation [4] or they can trigger their subsequent pathways through receptor binding at the recipient cells' surface [16] . Downregulation of miRNAs secreted by CAFs points to the stromal efforts to overcome neoplasm formation [17] . This happens at the initial steps of tumorigenesis. When tumors grow, the CAFs in reactivated stroma provide a suitable milieu which facilitates tumor progression. These interactions involve reciprocal cross-talks between cancer-associated stromal cells and cancer cells. Tumor cells also have been shown to secret higher levels of exosome-bearing miRNAs compared to normal cells [18] . Ultimately these alterations change the miRNA expression profile in different tumor tissues. Previously, we focused on miR-21 as a regulatory miRNA in tumor-stroma communications and we reported aggressive behavior of ESCC cells in the vicinity of normal fibroblasts [7] . miR-21 is a single factor in this regard. Although, tumor stroma is an entangled microenvironment in which complex signaling molecules and interactions are involved. Here we determined the secretory miRNA signature in the CM of a co-culture of esophageal cancer cell line and normal fibroblasts (as the main components of tumor stroma). This profile will determine the miRNA regulatory network implicated with esophageal cancer progression. We demonstrated that the vicinity of fibroblasts with cancer cells significantly alters the secretory miRNA profile in the conditioned medium. In order to omit miRNAs which are customary secreted by these cell lines from our list, a combination of 3-day old CM of untreated individual cell lines were used as control. We detected 18 miRNAs which were significantly mis-regulated in the CM after 3 days of incubation compared to the untreated conditioned medium from both cell lines. Pathway analysis for these significantly altered miRNAs mapped them to several pathways in a variety of cancers including lung, prostate, endometrial and pancreatic cancers as well as key signaling pathways which are implicated with tumor cell proliferation and cancer progression including VEGF and HIF-1 signaling pathways. The most significant pathway in our prediction study is ubiquitin-mediated proteolysis which integrates 13 miRNAs targeting 65 genes. This pathway is important during epithelial-tomesenchymal transition (EMT) and provides extracellular matrix deposition by degradation of E-cadherin or microfilaments [19, 20] . Moreover, enrichment pathway analysis by either up-regulated or down-regulated miRNAs, predicted pathways involved with focal adhesion and tight, gap and adherens junctions, regulation of actin cytoskeleton, glycosaminoglycan biosynthesis and endocytosis. This might point to the potential involvement of highlighted miRNAs in stromal remodeling, cell-cell communication modulation and facilitating EMT and finally metastasis.
Other significantly enriched mechanisms in our coculture system involved immunity and inflammatory pathways. Comparative pathway analysis predicted enrichment of T cell receptor, B cell receptor and Fc gamma R-mediated phagocytosis signaling pathways as well as mechanisms involved with a variety of infections. This can be explained by the nature of co-culture which triggers an inflammatory response in both cell lines. Also it can be related to the cancer associated stroma state that is an inflammatory niche. Tumor cells become addicted to this microenvironment and tumor progression requires pro-inflammatory mediators such as cytokines and growth factors. This inflammatory microenvironment suggests suitable molecular targets for clinical approaches [21, 22] .
Then we purified exosomes from the CM of cocultured cell lines using ultracentrifuge sedimentation method. This method of exosome purification has been proved to be reliable in RNA-based analyses [23] . In confirmation to our profiling data, we detected higher levels of miR-33a and miR-326 in the CM from cocultured cell lines. Also our data proved the exosomal packaging of these miRNAs since we detected higher levels of exosomal miR-33a and miR-326 in both cocultured and untreated CM. These findings validate our profiling results and pinpoint the exosomal secretion of these miRNAs and their role as communicators in esophageal tumor-stroma interactions.
Considering the miRNAs' role in tumor stroma will change the conventional beliefs based on tumor-cell studies. Targeting tumor cells has a different story from targeting the tumor tissues. Also, miRNAs perform a variety of functions based on different circumstances and stromal contents. For example, overexpression of miR-33a (a significantly upregulated miRNA in our profiling results) has been previously implicated with tumor progression and poor outcome of patients with glioblastoma, osteosarcoma and thyroid cancer [24] [25] [26] . Although, other studies have proved miR-33a to be a tumor suppressor miRNA involved with tumor growth inhibition [27] [28] [29] . miR-133a and miR-133b have been reported as tumor suppressors implicated in esophageal and gastric cancers progression [30, 31] . A significantly up-regulated miRNA cluster in our profiling, miR-1-1/miR-133a-3p cluster (chromosome 18) is well-known for containing muscle-specific miRNAs (myomiRs) [32] although their down-regulation has been reported in some cancer types including renal cell carcinoma and rhabdomyosarcoma [33, 34] . miR-150-5p also has been associated with inhibition of tumor cell migration and invasion in hepatocarcinoma [35] . According to the role of these miRNAs as tumor suppressors, we expect their down-regulation in esophageal cancer. Although, on the contrary, we found higher secretion of these miRNAs in the conditioned medium after neighboring with normal fibroblasts which points to the targeted exosomal secretion of these miRNAs and highlights their potential stromal function. Pathway enrichment analysis predicted MAPK14 2 (as target of miR-33a), FGF1 3 and FGFR1 4 (as targets of miR-133a and miR-133b), COL1A1 5 (as target of miR-133a), PTK2 6 (as target of miR-150 and involved with focal adhesion) and IGF2 (as target of miR-133b) as effective molecules in the tumor microenvironment controlled by the above mentioned miRNAs. We conclude that activation of these pathways is the result of co-culture system's attempt to provide a proper environment for tumor progression. In line with this, we previously reported higher migration and invasion abilities for the same cancer cell line in the vicinity of normal fibroblasts [7] . Aforementioned molecules result in fibroblast activation in to CAFs, induction of vascularization and angiogenesis and recruitment of inflammatory cells such as tumor associated macrophages (TAMs) in to tumor niche. Understanding the differences between normal tissue the activated stroma in the vicinity of neoplasms (including CAFs and TAMs) and the mechanisms underlying tumor heterogeneity due to miRNA regulons will help developing effective therapies targeting tumor tissues. So in future studies, focusing on the highlighted miRNAs by our profiling experiment will provide potential therapeutic targets for treatment of esophageal cancer.
One limitation of this study was that we didn't determine the source of this alteration in miRNA signature. Specifying the cellular source of each dis-regulated miRNA needs further experiments.
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